Introduction
The possibility of serious improvement of mechanical properties of oxide ceramics by particulate composites manufacturing has been recently recognized very well. Among oxide ceramics, tetragonal zirconia solid solutions and α-alumina phase are the most important materials, widely used in structural applications, due to their good properties. The fabrication of two-phase particulate composites could be the simplest way to the mechanical properties improvement. Despite a wide range of alumina-zirconia composites, non-oxide particles were also often utilized as strengthening agents. Many phases were introduced into zirconia and alumina matrices -TiC, SiC, WC, TiB2, TiN, AlN, (Ti,W)C, Cr2O3, Cr7C3, and metals -nickel, molybdenum and tungsten and others [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In this way, the materials with improved properties, when compared with "pure" matrix materials, were obtained. Depending on the type of inclusions, their size and amount as well as sintering conditions, one can achieve a significant improvement of hardness, stiffness, fracture toughness and/or strength of the material. It was also reported that the decrease of inclusion size to the nanometric scale allowed extremely high values of flexural strength and fracture toughness to be achieved.
The manufacturing of composites with ceramic matrix almost always leads to residual stresses caused by the mismatch of thermal properties of constituent phases. A large difference in thermal expansion coefficients (CTE's) could introduce stresses reaching even more than gigaPascals to the composite system. Such a phenomenon has to influence the way of fracture and consequently the strength and the fracture toughness of the material. The value of these stresses mainly depends on mechanical properties of constituent phases of the composite and the absolute difference between their CTE's. The distribution of residual stresses depends also on the phase arrangement and shape of grains. This chapter presents the investigation results on the influence of the phase arrangement on the way of fracture in composites. These observations were put together with the results of mechanical properties measurements and abrasive wear tests.
Thermodynamical aspect

ZrO2/WC system
Zirconia for structural applications is used in the form of solid solutions of yttria, magnesia, calcia or rare earth metals in ZrO2 [18] [19] [20] . Using data from [21] one can calculate that free enthalpy of mixing of zirconia and any stabilizing element is significantly lower than the error of determination of free enthalpy for chemical reactions in ZrO2-WC (or ZrO2-WC-C) systems. It allows to calculate, with a reasonable approximation, the possibility of reactions proceeding using thermo-dynamical data for zirconia only.
Potential chemical reactions taken into account were as follow:
ZrO2 + WC = ZrC + WO2
(1)
Calculations showed that reaction (1) cannot proceed in the range of potential sintering temperatures (1400 -1700C) because of fact that standard free enthalpy (ΔGr 0 ) of that reaction is much higher than zero. Reaction (2) can proceed when the partial pressure of CO in the system is lower than 0.95 atm at 1400C, 5.20 atm at 1500C, 23.8 atm at 1700C and 93.0 atm at 1700C.
These calculations were verified experimentally [22] . The presence of ZrC and W2C was determined in sinters containing WC inclusions sintered at different temperatures (Fig. 1.) .
If sintering process is conducted using hot-pressing (HP) technique, composite powder could be in contact with carbon from the press die or stamps. It suggest that the third reaction should be also taken into account:
Reaction (3) can proceed when the partial pressure of CO in the system is lower than 0.054 atm at 1400C, 0.20 atm at 1500C, 0.65 atm at 1700C and 1.89 atm at 1700C. These data suggest that is possible to produce ZrC precipitates even in pure zirconia sinters when one can assure right value of CO pressure [17] . Conducting of sintering process at relatively low temperature (1400C ) allows to avoid ZrC appearance (Fig. 2) . 
Al2O3/WC system
Potential chemical reactions in alumina -tungsten carbide systems taken into account:
2Al2O3 + 6WC = Al4C3 + 3W2C + 3CO2 (5) 2Al2O3 + 9WC = Al4C3 + 9W + 6CO (6) Calculations showed that reactions (4 -6) cannot proceed in the range of potential sintering temperatures (1400 -1700C) because of fact that standard free enthalpy (ΔGr 0 ) of that reaction is much higher than zero. That results were also confirm by Niyomwas [23] , who stated that Al2O3/WC system is thermodynamically stable up to 2000C.
Internal stress state
The manufacturing of composites with ceramic matrix almost always leads to residual stresses caused by the mismatch of thermal properties of constituent phases. The value of these stresses mainly depends on mechanical properties of constituent phases of the composite and the absolute difference between their CTE's. A large difference in thermal expansion coefficients (CTE's) could introduce to the composite system stresses reaching even more than gigaPascals. Such a phenomenon has to influence mechanical properties of the material. The distribution of residual stresses depends also on the phase arrangement and shape of grains. The thermal expansion coefficient of tungsten carbide (αWC) is lower than thermal expansion coefficients of both considered oxide phases (αAl2O3 and αZrO2). It means that in composites with both oxide matrices the internal stress state is similar. Matrices are under tension and carbide inclusions are under compression.
For this chapter results of calculation of stresses in materials was made using the finite elements model (FEM) based on following predictions:
the grain in the matrix in two-dimensional geometry, -the model was constrained to enable a free deformation in xy plane to be carried out and, additionally, in one corner, -the geometric model was discretized with the AutoGEM modulus [24, 25] . For calculations the elements neighboring the point of support were excluded. This eliminated the stress accumulation at the model edge, -grain boundaries inside constituent phases were omitted, -calculations were made using the mechanical property values (Young's moduli, Poisson ratio's and CTE's) placed in Table 1 . Isotropy of these constants was taken as a principle,
modeling was performed for the plain stress state, -Used method of load was cooling from temperature of 1200°C to room temperature
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The results of FEM simulations were visualized at Figures 3 and 4. They present the distribution of principal maximal stresses around in the hypothetical composite microstructure. Calculations were made for the same schematic microstructure. Matrix was assumed as zirconia or alumina, respectively. The inclusion phase was WC. Calculations were made for Al2O3/WC and ZrO2/WC composites. Generally, the maximum value of principal maximal stresses in the zirconia matrix is about 30 % higher than in the alumina one. The tensile stress level near the interphase boundary in the zirconia matrix materials exceeds 1000 MPa all around the inclusion grain (Fig. 3 ). In the alumina based materials maximum stress values in this area are much lower (Fig. 4 ).
This fact influences the path of crack in the investigated materials. In zirconia-based composites crack goes along the interphase boundary (Fig. 5 ). The crack course in composites with alumina matrix is different. It usually goes near the inclusion grains, but it is deflected before it reaches the interphase boundary (Fig. 6 ). This means that the crack goes through alumina grains. The final effect of such crack behaviour for material toughening is summarized in Table 4 .
As it is clearly visible, the relative fracture toughness increase observed for the aluminabased composites is higher than for the zirconia ones.
This phenomenon should be attributed to the lower stress level in the alumina-based composites. As it can be seen at Figures 3 -4 , the maximum stress values are present in some distance between inclusion grains. Probably the strength of alumina grain is comparable with the strength of interphase boundaries (Al2O3/WC) in composites. Such a situation promotes transgranular cracking of alumina (see Fig. 6 ), but in a specific way, the crack still wanders around inclusions and crack deflection mechanism is still active and it consumes energy effectively.
In TZP matrix composites the tensile stress acting on the interphase boundary is much higher than in these with alumina matrix. It decrease the amount of energy dissipated during cracking. Additionally, high toughness of the zirconia material causes that the crack does not deflect as in the case of alumina. The crack rather goes to the interphase boundary and deflects directly on it. These observations are only qualitative but they could help to understand the effect of a relatively high level of toughening in the alumina based composites. 
Composite manufacturing
Preparation of dense particulate composite bodies with randomly distributed inclusions meets potential difficulties during composite powder preparation and during sintering. The most popular method of second phase dispersion in the matrix is simple mixing. This method is widely used for zirconia/WC system [26] [27] [28] . The mixing process utilizing intensive mills (atrittors, rotation-vibrational mills) in short time assures the proper tungsten carbide particles distribution within the matrix in the wide range of WC content 10 -50 vol. %. More sophisticated methods as for instance decomposition of organic WC precursors are nowadays too expensive for wider application [23, 29, 30] .
In alumina/WC composite system the mechanical mixing is also the main preparation method of the composite powder. Anyway, there were some experiments [23] utilizing selfpropagating high temperature synthesis (SHS) process for in-situ synthesis of alumina/tungsten carbide composite powder. In this process both tungsten carbides (WC, W2C) were present in the product.
Sintering of composites with oxide matrices and dispersed WC particles is a typical example of sintering with "rigid inclusions" widely described in literature [31] [32] [33] . In fact, during this process, diffusional mechanisms of densifications appear only in the oxide matrix. The presence of carbide particles makes the sintering driving forces much weaker. This effect is as stronger as higher is tungsten carbide particles volume content. The high relative density demand for structural applications (> 97 % of theo.) can be assured using pressureless sintering method when WC content not exceed 20 vol. %. Additionally, sintering temperature in this case must be relatively high (1550C for zirconia and 1600C for alumina). It is not profitable for sinters microstructure because the grain growth phenomenon. The inert sintering atmosphere demanded for preservation of WC from oxidation at high temperatures causes some additional factor of stabilization in zirconia [22, 34] .
Practically, the most often sintering method for both type of composites is hot-pressing technique. Application of this method allows to assure high densities (> 98 % of theo.) in relatively short time (30 -60 min.). Such conditions limits the grain growth in the matrix (see Table 3 ).
There were some investigations utilizing pulsed electric current sintering (PECS) for zirconia/WC composite densification [27] . These methods were profitable when WC content in the composite was relatively high (~30-40 vol. %).
Composites microstructure
In present chapter author was focused on properties of "classical" particulate composites. It means materials containing the second phase particles randomly distributed into matrix. It means that the amount of additives must be lower than a percolation threshold. To assure that situation examples of composite materials contain 10 vol. % of tungsten phase with the same grain size distribution were manufactured.
Commercial powders were used as a starting materials (alumina -TM-DAR Taimicron, zirconia -Tosoh 3Y-TZ, tungsten carbide -Baildonit). Powders homogeneity was assured by 30 min. of attrition mixing of constituent powders in ethyl alcohol.
Materials for test were fabricated by hot-pressing technique (HP) due to guarantee the maximum of the densification of investigated samples. The sintering conditions were as follow: the maximum temperature -1500°C (for zirconia and zirconia/WC composite) and 1650°C (for alumina and alumina/WC composite) with 1 hour soaking time and maximum applied pressure -25 MPa.
A typical SEM microstructures of hot-pressed composites were showed in the Figs. 7 and 8. Measurements performed in the TEM revealed that oxide matrices and tungsten carbide grains close adhered and no discontinuities were observed (Figs. 9 and 10 ).
The detail observation of Al2O3/WC and ZrO2/WC microstructures and chemical analyses performed as a line scan across the interphase boundaries (Figs.11 and 12) showed that there are differences in elements diffusion in investigated systems. The change of chemical composition near alumina/tungsten carbide boundary is sharp and distinct (Fig. 9 ). There is n o e v i d e n c e o f A l d i f f u s i o n i n t o W C o r W d i f f u s i o n i n t o A l 2O3. In the case of zirconia/tungsten carbide boundary chemical composition is changing near the interphase boundary. It could be a slight confirmation of thermo-dynamically described tendency to creation of ZrC and W2C in this system.
Results of TEM investigations have shown specific crystallographic relationships between alumina and zirconia matrix and tungsten carbide phase [35] . Crystal correlations may partially explain significant improvement of mechanical properties of alumina-and zirconia-based composites comparing with a pure oxide matrices. However, apart from crystallographic factors, the properties of material under investigation may be affected by interfacial defects and interphase boundary structure. Similarly, in ZrO2/WC system crystallographic relationships were identified (Fig. 15) (12) Furthermore, EBSD analysis made by Faryna at. all. [37, 38] proved statistically that crystallographic correlation in investigated composite systems are not an unique property, but they are very often.
Mechanical properties
The basic mechanical properties of investigated materials were collected in Table 3 . Both composites were well densified but is worth to noticed that there is about 1 % of difference between Al2O3/WC and ZrO2/WC composites. Zirconia matrix and zirconia-basing material is almost fully dense. Alumina-basing composite has "only" 98.8 % of theoretical density and is 0.5 % worse densified than alumina matrix. This difference is not much but certainly influence observed bending strength test results.
It is characteristic that Al2O3/WC material has lower bending strength than "pure" matrix material. Different effect is observed for ZrO2/WC composite. The mean value of the bending strength of ZrO2/WC is similar to that registered for zirconia matrix. But the highest strength value registered during tests was over 10% higher than that measured for zirconia matrix. This fact showed that there is a potential of strength improvement in this system.
It is not surprise that hardness of composites is higher than that measured for matrices. Spectacular is the increase of the fracture toughness. In both investigated composite systems KIc increased more than 50 % when compared with the suitable matrix. Experiments of subcritical crack propagation performer using Double Torsion method (DT) [39] [40] [41] showed that composites were much more resistant for this disadvantageous phenomenon. Such experiments were previously conducted for alumina and zirconia materials [42, 43] but not for composites containing tungsten carbide particles. Results of performed investigations (see Fig. 16 ) showed that the threshold value of KI coefficient in both composite systems significantly increased. In Al2O3/WC material the threshold KI value was ~4.0 MPam -0.5 (compared with 2.6 MPam -0.5 for alumina). In ZrO2/WC material the threshold KI value was ~4.4 MPam -0.5 (compared with 3.6 MPam -0.5 for zirconia). The most probably reason of such behaviour was the residual stresses state in dense sintered composite bodies. Distribution of these stresses around composite hindered breaking of atomic bonds on the tip of flaws presented in composites. 
Wear resistance
One of the most important field of structural ceramic application is using them as a part of devices resistant for abrasive wear. From this point of view it is important how the material behaves at different working conditions (the range of loads) and environments (the presence of humidity). The oxide matrices are sensitive for water presence in environment. Even under low load rate it can cause the subcritical crack growth [42 -45] . If the load are serious, degradation of the oxide matrices in the presence of water could be very significant.
The chapter presents the results of investigation on wear of alumina and zirconia-basing composites by hard abrasive particles in different environments. The results of two tests (The Dry Sand Test and the Miller Test in pulp) were compared. As an abrasive medium coarse silicon carbide grains were used in both cases.
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The type of Dry Sand Test based on ASTM test [46] , which indicates wear susceptibility of material for wear during abrasive action of hard particles without any lubricant. The test duration was 2000 rotation of the wheel.
The Miller Test based on ASTM test [47] allows to determine of SAR (Slurry Abrasion Response) number during the wear in slurry. The test duration was 6 hours. In both test the low value of test result means the better material behaviour.
Results of performed wear tests were collected in Table 4 The worn surface profilographic analysis (see Table 5 ) allows to establish that second phase particle addition modifies alumina microstructure significantly. Alumina-basing composite surface after both tests were much more smooth, than the pure matrix surface. It proved that the dominant wear mechanisms were significantly limited.
Comparing the pure zirconia and zirconia-basing composite materials is visible that composite surface roughness is higher. Anyway, the wear rates for zirconia-basing composites were lower than for pure zirconia material.
Wear properties of both (alumina or zirconia) composite types are distinctly different in spite of wear environment.
Conducted tests established that incorporation of second phase grains into alumina matrix influences wear properties changes in high scale. Changes observed for zirconia based composites are not so spectacular but still significant.
Results of performed wear tests suggest that investigated materials are predicted to work at different environments. The wear resistant parts for work at wet environments seems to be the best area of application for zirconia composites. Alumina based materials show the best properties during dry abrasion. 
Summary
Selected information about properties of composite materials basing on alumina or zirconia matrices containing dispersed tungsten carbide inclusions presented in this chapter indicated that these materials have potential to be widely used as a structural material.
Properties improvement in these composites is not only an effect of introducing an additional toughening mechanisms connected with crack path/inclusion interacting (crack deflection, crack branching, crack bridging), but also relatively strong interphase grain boundaries confirmed by the unique phenomenon of privileged crystallographic correlation of oxide and carbide phases.
Their very good properties are manifest in applications connected with intensive wear risks, especially in the presence of loose, hard particles. Spectacular improvement was also observed in prolonged applications at conditions under stresses much lower than critical at wet or high humid environments.
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